Context: Hypertension in young women is uncommon compared with young men and older women. Estrogen appears to protect most women against hypertension, with incidence increasing after menopause. Because some premenopausal women develop hypertension, estrogen may play a different role in these women. Genetic variations in the estrogen receptor (ER) are associated with cardiovascular disease. ER-b, encoded by ESR2, is the ER predominantly expressed in vascular smooth muscle.
confirmed in Hypertension Insulin-Resistance Study premenopausal women. HyperPATH cohort analyses revealed risk allele carriers vs noncarriers had increased aldosterone/renin ratios. No associations were detected with ESR1.
Conclusions:
The variation at rs10144225 in ESR2 was associated with SSBP in premenopausal women (estrogen-replete) and not in men or postmenopausal women (estrogen-deplete). Inappropriate aldosterone levels on a liberal salt diet may mediate the SSBP. (J Clin Endocrinol Metab 102: [4124] [4125] [4126] [4127] [4128] [4129] [4130] [4131] [4132] [4133] [4134] [4135] 2017) B efore the age of 45, women as compared with men have a lower incidence and prevalence of hypertension, a significant risk factor for cardiovascular disease (CVD); however, as women age, this risk increases (1) . One explanation for this age-related development of hypertension seen in women is postulated to involve the decline in estrogen levels after menopause, suggesting that the loss of estrogen unmasks hypertension in these women (2) . However, a subset of women develops hypertension prior to menopause, suggesting that estrogen may not be protective in these women. According to the National Health and Nutrition Examination Survey (1998 to 2008), 8% of women with hypertension are between the ages of 22 and 44 years (3) . Women who develop hypertension early are at an increased risk of adverse cardiovascular outcomes over time as compared with premenopausal women without hypertension (4) . The mechanisms that account for hypertension in premenopausal women who are estrogen-replete are not well understood.
Estrogen's effects on the cardiovascular system are mediated by two estrogen receptor (ER) subtypes, ER-a (encoded for by the ESR1 gene) and ER-b (encoded for by the ESR2 gene). ESR2 has a high homology with ESR1 DNA/ligand binding domains, but a distinct transcriptional activation domain. Polymorphisms in the ER have been associated with CVD risk in men and women, but most studies have focused on ESR1 genetic variants (5-7). ESR2 is highly expressed in the vasculature, and estrogen binding to this receptor generally leads to vasodilation, yet its role in CVD is not well studied (2, 8) . Activation of ESR2 can protect against the adverse effect of CVD caused by aldosterone in animals (9, 10) . Moreover, women who are heterozygous for certain genotypic polymorphisms of ESR2 have been reported to be at increased risk of hypertension, especially those who use oral contraceptives (11) , suggesting that certain single nucleotide polymorphisms (SNPs) in ESR2 may transform the interaction of estrogen with ESR2 from a protective effect on blood pressure to a detrimental one.
Salt sensitivity of blood pressure (SSBP) is a heritable subset of hypertension and is present in approximately half of those with essential hypertension (12) . SSBP may enhance the risk of cardiovascular and kidney-related morbidity in these patients (13) . Additionally, normotensive family members of those with SSBP have been found to have SSBP themselves, which predates the development of hypertension, suggesting heritability (12) . Accordingly, we hypothesized that genetic variability in the ER subtypes may be associated with SSBP in the presence of estrogen.
We postulate that polymorphic variants within ESR2 may repress estrogen's ability to bind to its receptor, thereby inhibiting estrogen-induced vasodilation and leading to a loss of its protective effect against hypertension. To determine whether ESR2 plays a particular role in the blood pressure response to changes in salt intake, we examined the relationship between haplotypes and SNPs of ESR2 and SSBP in premenopausal women (estrogen-replete state) and postmenopausal women and/ or men (estrogen-deplete state). Because our results demonstrated an association, we then explored whether the mechanism(s) underlying this effect were related to alterations in the renin-angiotensin-aldosterone system (RAAS) response to salt intake. We also examined SNPs of ESR1 to determine whether the findings were specific to ESR2.
Subjects and Methods

Participants
The analysis consisted of 584 female and male and hypertensive and normotensive subjects from the International Hypertensive Pathotype (HyperPATH) cohort and a validation cohort of 662 normotensive and hypertensive Mexican Americans [Hypertension Insulin-Resistance Study (HTN-IR)]. Details of the HyperPATH and HTN-IR cohorts have been described previously (14, 15) . In brief, the HyperPATH cohort consists of ;2000 subjects with and without hypertension. Five international centers contributed to this data set: Brigham and Women's Hospital (Boston, MA), University of Utah Medical Center (Salt Lake City, UT), Hospital Broussais (Paris, France), Vanderbilt University (Nashville, TN), and University of La Sapiena (Rome, Italy). The HTN-IR cohort consists of normotensive and hypertensive Mexican Americans recruited within the Los Angeles area who had a family history of hypertension. detail elsewhere (12, 14, (16) (17) (18) . In brief, all subjects received a screening history and physical and laboratory examinations. Hypertension was defined as a seated diastolic blood pressure (DBP) of at least 100 mm Hg on no medications, or 90 mm Hg or more on one antihypertensive medication at the time of screening, or treatment with two or three antihypertensive medications. Subjects on four or more antihypertensive medications were excluded. All antihypertensive medications were washed out for 1 to 3 months prior to dietary salt study, resulting in 100% of subjects being studied off antihypertensive medication. Normotension was defined as blood pressure ,135/85 mm Hg with report of no first-degree relatives diagnosed with hypertension before the age of 60. All subjects were between 18 and 65 years old. Race was self-reported. Each participant was placed on both isocaloric liberal salt (200 mmol/d sodium) and restricted salt (10 mmol/d sodium) diets, with each diet containing 100 mmol/d potassium and 1000 mmol/d calcium for 5 to 7 days as an outpatient. The order of the diets was randomized. On the final day of each diet, participants were admitted overnight to the Clinical Research Centers and remained fasting and supine. The next morning, three consecutive systolic blood pressure (SBP) and DBP readings separated by 5 minutes each were obtained using an automated device (Dinamap; Critikon, Tampa, FL), and blood samples were obtained for a variety of analytes (e.g., hormones, metabolic factors, ions, DNA analysis). Subjects underwent 24-hour urine collections to confirm sodium balance (urine sodium $ 150 mmol per 24 hours on the liberal salt diet and #30 mmol per 24 hours on the restricted salt diet).
For the current study, the subjects selected from the HyperPATH cohort met the following criteria: ESR2 rs10144225 genotype, supine DBP obtained between 7:00 and 8:00 AM after an overnight fast and in balance on both the liberal and the restricted salt diets (as defined below), plasma renin activity (PRA) and serum aldosterone obtained at 7:00 to 8:00 AM, supine, after an overnight fast on the liberal salt diet. Women on oral contraceptive or hormonal therapy were excluded. Because HyperPATH did not document the age of onset of menopause, subjects were classified according to presumed menopausal status using the average menopausal age of 50 years (average age of menopause in North America and Europe is 50.9 and 50.4 years, respectively) as a surrogate for menopausal status (19) . Women ,51 years old were classified as premenopausal, whereas women 51 years of age or older were classified as postmenopausal. In some, but not all, of the subjects, folliclestimulating hormone (FSH) and estradiol values were available in the HyperPATH data set (premenopausal, 158 subjects; postmenopausal, 152 subjects). Data for both hormones were not available on each of these subjects. In aggregate, these data were used to determine the validity of our surrogate for menopausal state: age criterion. Finally, 4% of the hypertensive subjects had mild diabetes mellitus or impaired glucose intolerance.
SSBP was determined by using a continuous variable, for example, the change in either SBP or DBP (DSBP or DDBP) between the restricted and liberal salt diets (liberal salt-restricted salt). For logistic regression analyses we used our previously reported cut points (DSBP = 14 mm Hg and DDBP = 9 mm Hg) (17) .
Assays were performed in the Brigham Research Assay Core Laboratory by standard immunoassay methods for aldosterone, cortisol, PRA, FSH, and estradiol.
HTN-IR cohort salt sensitivity protocol
All subjects received a screening history and physical and laboratory examinations. Hypertension was defined as SBP $ 140 mm Hg or DBP $ 90 mm Hg or on pharmacological therapy for hypertension with onset before age 65 years with no secondary causes. If clinically permissible, hypertensive individuals were studied at least 2 weeks after washing out antihypertensive medications. Thus, 96% of the subjects in this study were not on antihypertensives. Blood pressures were measured using an automated device (Dinamap; Critikon) in a sitting position. Three blood pressure readings were taken at 5-minute intervals and averages were used (15, 20) . SSBP was determined using the Weinberger protocol, a validated procedure that involves an infusion of 1 L of 0.9% saline over 4 hours on day 1, 10 mEq sodium diet, and three doses of furosemide over 10 hours on day 2 in an inpatient setting (21) . SSBP was defined as the change in SBP between baseline on day 2 (salt loaded) and the end of salt depletion on day 2 (18) . In HTN-IR hormonal treatment was not documented for women and blood hormonal data were not available.
The corresponding Institutional Review Boards approved all studies, and written informed consent was obtained from each participant.
Genotyping
In HyperPATH, DNA was extracted as previously described (18) . Genotyping was conducted using a 7600-SNP IlluminaSelect platform (Illumina® platform, San Diego, CA). For ESR2, in the HyperPATH cohort, 24 SNPs were originally selected for tagging to capture common variation using HapMap (November 2011) chromosome 14q23.2 of the ER-b gene. For ESR1, eight SNPs were originally selected for tagging using HapMap (November 2012) chromosome 6q25.1 of the ER-a gene.
Selected SNPs had minor allele frequencies .0.1 at R 2 $ 0.8 (22) . All SNPs had a completion rate of $95% and were in Hardy-Weinberg equilibrium. Repeat genotyping in 10% of the subjects demonstrated concordance with the original genotype call. None of these SNPs has been reported in the literature to be associated with SSBP. Therefore, we assessed the relationship between each SNP and SSBP independently.
In HTN-IR, the SNP of interest was extracted from existing genome-wide genotyping data (23) .
Statistical analysis
For the haplotype-based analyses, haplotypes were constructed using the Haploview 4.1 program (24) . An association between each block with SSBP was assessed using PLINK 1.07 (25) . PLINK provides an estimate of the haplotype frequencies via the expectation-maximization algorithm, computing global and haplotype-specific score statistics for tests of association between a trait and weighted haplotype (weighted by their posterior possibility). PLINK is not able to account for relatedness; therefore, the haplotype analysis was conducted in unrelated individuals only. All statistical tests were two-sided. We used STATA version 14.1 for the statistical analysis of individual SNPs. Hardy-Weinberg equilibrium testing was performed for each SNP using a x 2 test. Pairwise linkage (r 2 ) was estimated using Haploview 4.1. Significance at the Bonferronicorrected level for multiple comparisons to account for three haplotypes was 0.017.
Phenotype/genotype analyses were also used. For the ESR2 SNP, rs10144225, in the haplotype that drove the significant association with the SSBP phenotype, logistic regression analysis accounting for body mass index (BMI), age, sex, race, and underlying diseases (hypertension) was used to analyze SSBP (cut-off value for DSBP = 14 mm Hg and for DDBP = 9 mm Hg) in risk allele-carrying women with age ,51 years old vs all others (17) . For blood pressure, the three measurements were averaged. For both ESR2 and ESR1 SNPs, linear regression analysis was performed with the two degree of freedom genotype model (minor allele homozygotes, heterozygote allele carriers, and major allele homozygotes) without adjustment for covariates, and then adjusted for BMI, age, sex, race, and underlying diseases (hypertension). For the aldosterone/renin ratio (ARR), there were three additional adjustments made: serum cortisol, serum potassium, and urine potassium. Group comparisons were performed by t test or two-way analysis of variance, where appropriate. Also, where the sample size of one group was small, nonparametric tests (e.g., Fisher's exact test) were used. Trend analysis by STATA nptrend command was performed to test for trend across ordered groups.
For the HTN-IR cohort, the R package genome-wide association analyses with family was used to test the association between SSBP and the SNP rs10144225 under an additive genetic model (26) . To account for familial correlation within pedigrees, a linear mixed effects model from the lmekin function in the kinship package was used.
Significance at the Bonferroni-corrected level for multiple comparisons was adjusted to P = 0.01. Error was represented by 95% CIs.
Results
Haplotype selection
For our initial analysis in the HyperPATH cohort, SNPs in ESR2 were selected from CEU and YRI populations of HapMap (phase II, November 2012) to maximize available variation using chromosome 14q23.2. Twenty-four SNPs were originally genotyped with 14 SNPs being removed before the start of the analysis. Specifically, three were monomorphic in the population, two had a minor allele frequency # 0.05, one failed Hardy-Weinberg equilibrium, one failed genotype completion rate . 95%, and seven SNPs were in linkage disequilibrium (LD; R 2 . 0.80) with other SNPs, resulting in 10 tagging SNPs (Supplemental Table 1 ). The 10 SNPs captured 100% of the common HapMap white variation in this region. The SNP LD plot from our HyperPATH cohort is shown in Supplemental Fig. 1 . We then conducted a haplotype analysis with the SNP LD plot from our HyperPATH population indicating three haplotype blocks. Given the potential sex difference of ESR2 seen in prior studies, we conducted a sexspecific haplotype analysis. We evaluated each global haploblock stratifying the cohort into men or women. In women, global block 1 showed a trend toward significance in association with SSBP (P global = 0.06), which was entirely driven by haplotype number 3 rs1256062G| rs10144225G|rs1256059G|rs17766755G (P = 0.02) with particular influence by SNP rs10144225, as shown in Supplemental Fig. 2 . This haplotype was rare in the population with a frequency of 9% and a large effect size (b = 4.33). Blocks 2 and 3 did not have significant associations with SSBP in this population (P global = 0.41 and 0.23, respectively). The individual SNP analysis of rs867443, not encompassed within a global block, also did not show an association with SSBP (P = 0.97). Additionally, we did not find a significant association with SSBP in men when conducting the haplotype analysis. We then performed an individual analysis of the SNP driving the significance within global block 1, haplotype number 3, rs10144225G, detailed in the Statistical analysis section above. All participants who carried the rs10144225 minor allele G were referred to as having the risk allele, and nonrisk allele carriers were the participants with major allele A homozygote of ESR2 rs10144225.
Demographic data
Among 584 participants from the HyperPATH cohort, 418 individuals (71.5%) had hypertension. Regarding ethnicity, each subject self-defined whether they were principally of European/Middle Eastern descent (whites) or of African descent (blacks). Most (86.9%) of the participants were whites. Two hundred sixty-six of the participants (45.5%) were women, with 68% of them younger than age 51 years. SBP/DBP on a high-salt diet were 148 6 1/88 6 1 mm Hg for the hypertensive group and 111 6 1/67 6 1 mm Hg for the normotensive group (P , 0.005 for both SBP and DBP between groups). For the entire cohort, the mean 6 standard error of the mean (SEM) of the supine, liberal salt diet hormone levels were: serum aldosterone 4.9 6 0.12 ng/dL, cortisol 11.1 6 0.16 mg/dL, and PRA 0.51 6 0.02 ng/mL/h. Mean age (6SEM) of women was 45.8 6 0.5 years, and of men was 45.6 6 0.5 years. The hormonal status for the women ,51 years of age included estradiol at 59.4 6 5.3 pg/mL (n = 99) and FSH at 12.5 6 1.9 mIU/mL (n = 101), and for those $51 years of age included 27.4 6 6.5 pg/mL (n= 53) and 54.0 6 4.2 mIU/mL (n = 57), respectively, and differed significantly (P = 0.01 and 0.005, respectively) between age groups. The sex, age, prevalence of hypertension, mean BMI, and baseline blood pressure level did not show any significant difference among genotypes. However, race showed a statistically significant difference among genotype groups. In the Africans, the prevalence of risk allele carriers was significantly higher than that of the nonrisk allele carriers, whereas in the whites the greater number of nonrisk allele carriers was observed (P , 0.0005). Other participant characteristics are summarized in Table 1 .
In the HTN-IR cohort, there were 692 Mexican Americans with 578 hypertensive and 114 normotensive individuals, with 59% women. SBP/DBP on the highsalt diet were 153 6 1/87 6 1 for the hypertensives and 115 6 1/71 6 1 mm Hg for the normotensive group (P , 0.005 for both SBP and DBP between groups). Mean age and BMI of women were 38 6 1 years and 29.3 6 0.3 kg/m 2 , respectively, and of men were 38 6 1 years and 28.7 6 0.3 kg/m 2 , respectively. Data are depicted in Table 2 The relationship between ESR2 rs10144225G and SSBP
There was a statistically significant difference between the minor (risk) allele carriers and major allele homozygotes for diastolic SSBP in univariate analysis that remained significant even after adjusting for age, BMI, race, sex, and disease state (hypertension) [P = 0.001; b = +2.10 mm Hg per risk allele, 95% CI of 0.83 to 3.37)] (Table 3) . This relationship was driven by the estrogen-replete subjects (women , 51 years of age) (P = 0.004; b = +4.4 mm Hg per risk allele, 95% CI of 1.46 to 7.33), fully adjusted regression) (Table 3) . Then, the subjects were divided into two groups: those who carried no risk allele for ESR2 rs10144225, and those who carried one or two risk alleles. Each group was divided into those who were estrogen replete (women , 51 years old) and those who were estrogen deplete (women $ 51 years old and all men). Estrogenreplete subjects had significantly higher odds of diastolic SSBP compared with estrogen-deplete subjects [odds ratio (OR) = 2.41, 95% CI of 1.16 to 5.00, P = 0.01). Importantly, there were no differences between men and women $ 51 years old. For systolic SSBP, the estrogenreplete group, but not the estrogen-deplete group, showed significantly association with ESR2 risk allele after being adjusted for age, BMI, race, sex, and disease state (hypertension) (P = 0.02, b = 3.93, 95% CI of 0.44 to 7.42).
Based on trend analysis, although baseline DBP was comparable among genotype groups, those homozygous for the minor allele G tended to have the greatest diastolic SSBP, followed by heterozygote minor allele carriers and major allele A homozygotes (10.16 1.6 mm Hg vs 7.1 6 0.7 vs 6.2 6 0.3 mm Hg, P = 0.04, respectively) (Fig. 1) . Furthermore, the significant association between rs10144225 three genotypes and changes in DBP was only observed in premenopausal women who are at the estrogen-replete state, but not in the postmenopausal women group or men with AA = 5.3 6 0.6 mm Hg, AG = 7.6 6 1.3 mm Hg, and GG = 12.0 6 2.0 mm Hg, P = 0.003 (Fig. 2) .
Validation of primary association in HTN-IR cohort
To validate our findings, we assessed the association of rs10144225 with SSBP in a mixed hypertensive and normotensive Mexican American population from the HTN-IR cohort. In premenopausal women within this cohort, risk allele carrier status was significantly (P = 0.03) associated with systolic SSBP (4.3 6 1.1 mm Hg) vs nonrisk allele carrier status (1.4 6 0.6). There was no significant association between the risk allele and SSBP in postmenopausal women or in men. Of interest, although the minor allele carriers were similar between HTN-IR and HyperPATH, the number of subjects that were homozygotes was less in the HTN-IR.
Exploratory analysis for potential mechanisms of ESR2 polymorphism
To elucidate potential underlying mechanisms for SSBP, we assessed the activity of the RAAS during liberal salt intake (Table 3) . Importantly, in the fully adjusted model, the ARR was significantly associated with genotype (P = 0.031); risk allele carriers had a higher ARR. Similar to the SSBP analyses, this result was driven by the premenopausal (estrogen-replete) women (b = +15.03 ng/dL per ng/mL/h per risk allele, 95% CI of 5.35 to 24.70; P = 0.003) and not by those in the estrogendeplete or low-estrogen groups (postmenopausal women and/or men) (Table 3) . However, the individual components of the ARR differed only marginally. The liberal salt serum aldosterone levels were not significantly different by genotype. Liberal salt, supine PRA was significantly lower in risk allele carriers vs noncarriers in univariate analysis (P = 0.01) but was only marginally significant when fully adjusted for age, sex, BMI, race, and underlying disease (P = 0.04). Furthermore, the relationship was driven by the estrogen-deplete state (postmenopausal women and/or men) (P = 0.05).
The relationship between ESR1 variants and SSBP
In participants carrying the minor allele C of rs3020317 in ESR1 there was no significant correlation with either systolic or diastolic SSBP (P = 0.51 and P = 0.53, respectively). Further analysis by estrogen state also did not demonstrate a significant association. Additionally, no significant correlation with SSBP was observed for any of the other seven ESR1 SNPs (rs1884054, rs1884049, rs2144025, rs3003925, rs726281, rs3020328, and rs3003924).
Discussion
The major findings from this study were: first, women with ESR2 rs10144225 minor alleles were more likely to have SSBP even when adjusted for age, sex, BMI, race, and underlying disease. Second, estrogen status (as reflected in women by age .51 years or age ,51 or by male sex) displayed a crucial role in this relationship: a significant association between the ESR2 risk allele and SSBP was only seen in individuals who were estrogen replete (women , 51 years of age). The genetic impact on SSBP was substantial, with the estrogen-replete subgroup having an effect size of 4.4 mm Hg per allele. Indeed, the two estrogen-deplete groups (postmenopausal women and men) were indistinguishable in our analyses. Third, one potential mechanism underlying this association was the observation of an increased ARR in estrogen-replete risk allele carriers, suggesting that their aldosterone levels are inappropriate for the level of salt intake, which may be a mechanism for SSBP. The effect size for ARR was also substantial, with levels in the estrogen-replete group more than fourfold greater than in the estrogen-deplete group. Fourth, no associations were observed between SSBP and eight ESR1 gene polymorphic variants. Thus, variants in the ESR2 gene are associated with SSBP in individuals with an estrogen-replete but not an estrogen-deplete status, an association that may, in part, be mediated by increased aldosterone levels leading to sodium Figure 1 . Trend analysis of DBP changes (DDBP) according to ESR2 rs10144225 genotype (data are from the HyperPATH cohort). Participants with minor allele G homozygotes tended to have the highest diastolic SSBP and was followed by heterozygote allele carriers and major allele A homozygotes (P = 0.04). P values were obtained from trend analyses. Data are presented as mean 6 SEM. An A indicates adenine and a G indicates guanine. Figure 2 . Trend analysis of DBP changes (DDBP) according to ESR2 rs10144225 genotype stratified by estrogen state (data from the HyperPATH cohort). The premenopausal females (high estrogen state or estrogen-replete state) with minor allele G homozygotes showed the significant trend toward SSBP in the total cohort (P = 0.003) with low estrogen group or estrogen-deplete state (postmenopausal females and/or males) having a nonsignificant trend (P = 0.82). Data are presented as mean 6 SEM. An A indicates adenine and a G indicates guanine. The P values were obtained from trend analyses.
retention. There have been no cardiometabolic traits or hypertension that have been associated with ESR2 in GWAS analyses. Our results are similar: we found no association between hypertension state and ESR2, only with SSBP.
SSBP is an important risk factor that contributes to CVD and is also one of the heritable subgroups of hypertension (12) . SSBP has been reported by us (17) and others (21) in normotensive individuals and can be a precursor for hypertension as well as a reflection of impaired vascular function (27, 28) . There are data to support that normotensives with SSBP are at increased risk for early mortality as compared with those with saltresistant BP (29) .
Previous studies have demonstrated that ESR2 variants had a role in cardiac and vascular physiology in animal models and were consistent with human studies that supported this theory in both sexes as well (10, (30) (31) (32) . Evidence that ESR2 can modify blood pressure is supported by several animal studies. In particular, Zhu et al. (9) demonstrated that in vascular smooth muscle cells isolated from ESR2-deficient mice, there were several abnormalities in ion channel function causing both male and female ESR2-deficient mice to develop sustained systolic and diastolic hypertension as they age. These data suggest that ESR2 may play a key role in the development of hypertension More common ESR2 polymorphic variants such as rs1271572 and rs1256049 have been previously reported to be associated with an increased risk of CVD (myocardial infarction or stroke) in women (33) . In a nested case control study, Rexrode et al. (33) examined the association between polymorphisms of ESR2 in 296 white women enrolled in the Women's Health Study and 566 white men from the Physician's Health Study with risk of CVD. They found that in women but not men with a variant within ESR2 rs1271572, there were increased odds of CVD (OR = 1.49, 95% CI of 1.10 to -2.01) and myocardial infarction (OR = 1.46, 95% CI of 0.96 to -2.23). In a haplotype analysis, women with a variant T allele of rs127152 had sevenfold higher odds of a myocardial infarction than did those without a haplotype that included this variant (33) . In that study, blood pressure levels and SSBP were not reported and the influence of estrogen status (.40% of the women were on estrogen treatment) was not presented.
Peter et al. (31) showed that genetic variation within the ESR2 locus associated with left ventricular hypertrophy was sex-dependent. In this study, both ESR2 rs1256031 and rs1256059, in LD with each other, were associated with an increase in left ventricular mass (P = 0.047 and 0.03, respectively) and left ventricular wall thickness (P = 0.02 and 0.049, respectively), with the association being driven by those women who were hypertensive (31) . However, the effect was not associated with variation in blood pressure. Additionally, another study by the same group demonstrated no significant relationship between ESR2 SNPs (rs1256031 rs1256059, rs944460, and rs1256034) and blood pressure levels (2). Our results are in agreement, as ESR2 SNPs in our study also were not associated with hypertension or blood pressure per se, only with SSBP.
Comparable to the preceding studies, we demonstrated that there is an estrogen status-specific association between ESR2 rs10144225 and SSBP in premenopausal women (estrogen-replete state) but not in postmenopausal women and/or men (estrogen-deplete state). In premenopausal women with the major allele, estrogen may bind to ESR2, leading to vasodilation and acting to protect against SSBP. However, in the women with the risk allele, estrogen may decrease binding affinity and therefore is unable to cause vasodilation, so SSBP will manifest. It is also possible that estrogen may bind effectively to ESR2 containing the risk alleles, but its effect on postreceptor action and ligand receptor binding is altered (acting as a cofactor to modify ESR2 gene function or expression predisposing them to SSBP). Further studies are warranted to investigate these possibilities.
Intriguingly, from the trend analysis, our results raised the potential that there may be an allele dosagedependent relationship to SSBP. Subjects who were homozygous for the G allele at rs10144225 had the greatest changes in blood pressure after salt loading, whereas those who were homozygous for the A allele had the least changes in blood pressure response. This dosage dependence was observed only in estrogen-replete women and not in estrogen-deplete states (postmenopausal women and/or men). Ogawa et al. (32) studied elderly women (61 to 91 years old) that were free of diseases that could modify blood pressure. They reported that those who possessed two alleles of an ESR2 CA repeat polymorphism had significantly higher SBP than did subjects possessing fewer copies of the high-risk alleles. However, there was no effect on DBP and SSBP.
For ESR1, no SNPs in our cohort had high LD (r 2 . 0.8) with SNPs in preceding studies that examined the association regarding SSBP and ESR1 (2, 34). However, associations of rs3020317 with fasting glucose levels and type 2 diabetes have been reported (35, 36) . In contrast to ESR2, the SNPs in ESR1 showed no significant association with SSBP, consistent with the findings of Zhu et al. (9) in an animal study. They provided evidence that ESR2 has an essential role in attenuation of vascular contraction by inducing nitric oxide synthase expression, but ESR1 does not. Unlike our study, the GenSalt study of a Han Chinese population documented a significant relationship with SSBP in men carrying minor alleles of ESR1 rs9397453, rs9383951, plus other markers rs9340844, rs9371562, and rs9397459, but not in women (34) . It is possible that the differing results between that study and the present one could be due to ethnic differences between the studies or to differences in the ESR1 SNPs selected for study. The SNPs used in GenSalt study had no strong LD (r 2 . 0.8) with our ESR1 SNPs. Further study is needed to elucidate the ESR1 polymorphisms and their correlation with blood pressure.
The mechanism by which a change in ESR2 would affect salt sensitivity is not known. Although several studies have demonstrated an interaction between estrogen and aldosterone (10, 37) , the data related to ER subtype specificity are controversial. We have documented that the ER inhibits mineralocorticoid receptor transcriptional regulatory function (38) , but only the effect of ESR1 was assessed. Other studies have reported that both ESR1 and ESR2 prevent aldosterone-induced oxidative stress in vascular smooth muscle cells via increased reduced NAD phosphate bioavailability and attenuate cardiovascular remodeling in aldosterone salttreated rats (39) . Other studies suggest that only ESR2 modulates aldosterone synthesis and protects against aldosterone/salt-induced hypertension in female rats (10, 40, 41) . Finally, other studies have suggested that the relationship is indirect: estrogens activate Rac-1 that in turn activates the mineralocorticoid receptor (42, 43) . Because these studies did not provide any insight into ER specificity, we investigated whether the association between ESR2 polymorphisms and SSBP was mediated by alteration in the RAAS. We observed that rs10144225 risk allele carrier status, driven particularly by estrogenreplete, premenopausal women, was strongly associated with an elevated ARR on a liberal salt diet, suggesting that aldosterone was not appropriately suppressed for the level of PRA and salt intake. Both PRA and aldosterone were both low, as expected, as they were determined when the subjects were in balance on a 200 mmol/d diet and urine sodium was .150 mmol/d. The results were not due to lower PRA levels, falsely elevating the ARR, because in the estrogen-replete group there was no association between liberal salt PRA levels and genotype. Interestingly, the estrogen-deplete group had a marginally significant association between PRA, liberal salt intake, and genotype with the risk allele being associated with lower PRAs. However, the ARR in the estrogen-deplete group was not associated with genotype, suggesting that in the estrogen-deplete group, the relationship between the RAAS and salt intake was intact even in risk allele carriers.
What could be the potential mechanism for these findings? Krishnamurthi et al. (44) documented that administering estradiol to ovariectomized rats significantly attenuated type 1 angiotensin II (AT 1 ) receptor expression in adrenal glands. The decrease in AT 1 receptor was modulated by cytosolic RNA binding proteins (44) . Therefore, estrogens reduced the key receptor modulating aldosterone secretion in response to changes in angiotensin II levels. Thus, one explanation for our findings is that ESR2 risk allele carriers no longer can mediate this negative effect on the AT 1 receptor, thereby leading to increased aldosterone secretion on the liberal salt diet.
Taken together, the results support the hypothesis that there is a sexual dimorphism in the effect of ESR2 gene polymorphic variants, specifically those at rs10144225. This dimorphism is likely related to an interaction between estrogen and polymorphic variants in ESR2, as young (age ,51 years) and presumably mostly premenopausal, estrogen-replete state, risk (minor) allele carriers have SSBP as documented in two cohorts of women. This suggests that the effect may be driven by estrogen occupation of the ER-b. This effect may be, in part, mediated by suboptimal suppression of aldosterone and potentially angiotensin II in the face of increased salt intake. Importantly, these associations are present in both hypertensive and normotensive individuals, suggesting that this polymorphic variant may be useful to define individuals who will be responsive to specific preventive strategies.
Strengths of this study include: (1) the uniqueness of the HyperPATH cohort in terms of the precision and quality of the phenotypic data; (2) confirmation of our primary finding in a second cohort; (3) large sample sizes in the two cohorts; (4) extensive control of known environmental factors that influence blood pressure, for example, dietary salt intake, position, and time of day of measurements; (5) the study of almost all subjects off antihypertensives; and (6) comparison of outcomes between ESR1 and ESR2 variants.
There are also limitations to our study. We did not have estrogen levels on all subjects, so we could not evaluate direct association between estrogen levels and risk allele status. We had to use age as a surrogate of menopausal status and divide the women into probable estrogen-deplete and estrogen-replete states. However, in the subset in whom hormonal levels (FSH, estradiol) were measured, the results were as expected for premenopausal and postmenopausal groups of women, supporting the validity of this approach. Additionally, it is likely that potential misclassification would have limited our likelihood of finding the significance difference between groups. Additionally, in the HTN-IR cohort, hormonal treatment use was not documented for postmenopausal women; however, if anything, this lack of specific data would underestimate the significance of our findings. The subgroup sample size of postmenopausal women was relatively small, and thus we may not have had enough power to see a significant association of rs10144225 status with SSBP in this group. The cohort used for the ESR1 did not completely overlap with the ESR2 cohort, and the number of subjects was small, which may have limited the ability to detect a significant association of ESR1 with SSBP. It is possible that low renin status is associated with the GG genotype, as this group was enriched with Africans. As posture studies were not performed in low-salt balance, we are unable to determine whether such a relationship exists based on current data. Because the number of subjects with the GG genotype was small, low renin status and/or race may have influenced the findings and require future studies for further clarification.
In summary, premenopausal women (estrogen-replete state) with risk allele carriers of ESR2 rs10144225 often have SSBP whether they are hypertensive or normotensive. The mechanism for their SSBP may be in part explained by increased ARRs on a liberal salt diet. These findings are not present in estrogen-deplete subjects (postmenopausal women and/or men), suggesting that the effects may be secondary to a receptor/estrogen interaction. These findings provide physiologic insight as to why a subset of premenopausal women may have susceptibility to hypertension.
